During the current century, 88 species of parasites have been recorded in Bison bonasus. These are 22 species of protozoa (Trypanosoma wrublewskii, T.
Introduction
The European bison (Bison bonasus) is the largest herbivorous animal in Europe. Historically, the species was distributed throughout western, central and south-eastern Europe, and the Caucasus. Since the Middle Ages, due to hunting and destruction of the natural forest complexes, the occurrence area of European bison dramatically decreased. In the early twentieth century, a single free ranging population of European bison was present in the Białowieża Forest. After the First World War, in 1919, the last wild-living European bison was killed. This species' restitution began in 1929 in the Białowieża Forest. The restitution was possible thanks to specimens purchased from zoological gardens and private animal collections. In 1952, the lowland bison was reintroduced to the wildlife area of the Polish section of the Białowieża Forest, as the beginning of the present free-ranging population (Krasińska and Krasiński 2007) . Presently, there are over 30 free-ranging populations located in Poland, Ukraine, Slovakia, Lithuania, Romania, Belarus and Russia, and many small groups raised in zoological gardens and show enclosures in Europe. Thus, the present population is composed of closely *Corresponding author: grzgrz@twarda.pan.pl Grzegorz Karbowiak et al. 364 related individuals, which affects the health and immunity of these animals. Threats to the health of bison include viral, bacterial and parasitic diseases (Kita and Anusz 2006; Krasińska and Krasiński 2007) .
The first investigations of infection by internal parasites of European bison were conducted during the early twentieth century. There were recorded in a total of eighteen species of parasites, typical for domestic ruminants, apart for two specific to bison (Bisonicola sedecimdecembrii and Trypanosoma wrublewskii) (Wróblewski 1927) . In early years, when the European bisons were present only in captive reserves, only fragmentary studies based on small amounts of material originating from single dissections were conducted. At this time, the number of known parasites reached 37 (Dróżdż 1961 (Dróżdż , 1967 . After the restitution of the species, epidemiological, bacteriological and parasitological studies were conducted in the 1950's, including the study of helminth fauna of animals living in captive breeding reserves, before being released into the wild. These studies followed bison after their release into open areas, and were repeated after 20 years (Dróżdż et al. 1989 (Dróżdż et al. , 1994 and are still being conducted.
In total, the parasitic fauna of European bison is quite well described; however, the knowledge is distracted to the number of single publications. This work is the first attempt to collect all data to a single publication and to show the phenomena occuring in the whole parasitic community.
The purpose of this publication is to describe the present knowledge of the parasite fauna of the European bison B. bonasus, based on the publications of various scientific centres that have conducted parasitological studies on these animals, including those living in free-ranging populations, as well as, species bred in zoological gardens and captive breeding reserves. The overview embraces parasites in the classical meaning of this word, so the representatives of protozoan and tissue animals strictly associated with the bison at least throughout one phase of their development, for which the bison is also at that time, a habitat of life. It does not include viruses and bacteria, being the subject of a microbiological studies, or shortfeeding blood-sucking flies, such as Tabanidae and Culicidae, for which the bison is one of the food sources, and likewise, the commensally and phoretic mites, nematodes and insects that feed on the bison. We searched the PubMed, ISI Web of Science, Scopus and Google Scholar using search terms that are associated with the review subject (Bison bonasus, the names of parasite species, etc.). Moreover, the old papers, that are not included in databases, were used. Only the published results obtained during our studies were used, certain unpublished data are included in the review, if they are required.
The review of parasites noted in European bison (Bison bonasus)
During the 100 years of investigations conducted by various centres, there was a total of 88 species of parasites found in European bison. The most numerous group are nematodes -43 species, followed by protozoa -22 species. Other taxa are not numerously represented. The full list of parasite species is presented in the Table I .
Parasitic protozoa
The protozoan parasites are represented by the species belonging to Kinetoplastida (genus Trypanosoma), Diplomonadida (genus Giardia) and Apicomplexa (genera Sarcocystis, Neospora, Toxoplasma, Cryptosporidium, Eimeria and Babesia) . The trypanosomes parasitising in the blood of wild mammals in the Palaearctic zone are not very well-known. These are the species belonging to the Stercorarian group, from the subgenera Megatrypanum, Herpetosoma and Schizotrypanum. In European bison, two species were recorded: Trypanosoma wrublewskii, Wladimiroff and Yakimoff, 1909, and Trypanosoma theileri Laveran, 1902 . The separation of these species is not clear due to their morphological similarity, thus in 1915, T. wrublewskii was confirmed as a synonym of T. theileri (Yakimoff, 1915) . The redescription as the distinct species was made at the end of twentieth century (Kingston et al. 1992) . The prevalence of infections in European bison with trypanosomes is variable, and fluctuates around 15% (Karbowiak et al. 2006 . Among many parasitic Sarcomastigophora species, only the representatives of Giardia genus are noted in Bison bonasus. The presence of excreted cysts of non-identified species has been found in 7.5% of the faecal samples collected from European bison in the Białowieża Primeval Forest (Paziewska et al. 2007) . Apicomplexa is the protozoan type including a large group of small, obligatory parasitic forms. The apicomplexan parasites of European bison belong to Sarcocystidae, Coccidia, Eimeriidae and Piroplasmida. The representatives of Sarcocystidae in the parasite fauna of B. bonasus are four species of Sarcocystis genera, Neospora caninum and Toxoplasma gondii. Sarcocystis were detected for the first time in the muscle tissue of European bison in the Belarus part of the Białowieża Primeval Forest (Goregliad et al. 1977) , later in the bison kept in the zoological garden in Germany (Odening et al. 1994) , and in the heart muscle of the free-living bison in the Polish part of the Białowieża Primeval Forest in 1997 (Osińska and Piusiński 1997) . The percentage of bison infected with Sarcocystis cruzi accounts for 85.4% of the population; however, this result can be strongly dependent on the diagnostic technique used (Osińska and Piusiński 1997; Pyziel and Demiaszkiewicz 2009a) . Neospora caninum definitive hosts are canine (dog, coyote), however, the parasite has also been detected in the range of intermediate hosts, livestock and companion animal species. The antibodies to N. caninum in European bison were reported in 2005, in 7.3% of the animals examined (Cabaj et al. 2005) , but the first direct record was noted only in 2010 . The evidence proved that there was a progressive trend in the prevalence level (Cabaj et al. 2008 (Cabaj et al. , 2009 . The presence of T. gondii parasite in European bison has been detected indirectly, using ELISA tests in 15 of 37 (40.5%) animals (Majewska et al. 2010 ). Giardia spp.
7.5% (Paziewska et al. 2007 ). Sarcocystis cruzi (Hasselmann, 1923) 85.4% (Osińska and Piusiński 1997; Pyziel and Demiaszkiewicz 2009a Toxoplasma gondii (Nicolle and Manceaux, 1908) 40.5% (Majewska et al. 2010 (Zeder, 1790) 23-25% (Dróżdż et al. 1989; Demiaszkiewicz 2005 ) Dicrocoelium dendriticum (Rudolphi, 1819) 16 to 41% (Dróżdż et al., 1989; Cooperia oncophora (Railliet, 1898) 90-100% (Dróżdż et al. 1989 (Dróżdż et al. , 1994 (Dróżdż et al. , 2002 Demiaszkiewicz et al. 2012 ) Cooperia pectinata Ransom, 1907 Cooperia punctata (Linstow, 1906) 20-50% (Dróżdż et al. 1989 (Dróżdż et al. , 1994 (Dróżdż et al. , 2002 Demiaszkiewicz et al. 2012 ) Cooperia surnabada Antipin, 1931 Cryptosporidium spp. has a broad spectrum of hosts, and was recorded in many species of ruminants, rodents and carnivores, as well as domestic animals. The presence of oocysts and DNA of non-identified species of Cryptosporidium were found in 29 faecal samples of European bison collected in the Białowieża Primeval Forest (Paziewska et al. 2007 ). In Germany, the cysts were detected in bison kept in zoological gardens (Jakob 1992 (Stiles, 1892) 90-100% (Dróżdż et al. 1989 (Dróżdż et al. , 1994 (Dróżdż et al. , 2002 Demiaszkiewicz et al. 2012 ) Ostertagia antipini Matschulski, 1950 Ostertagia leptospicularis Assadov, 1953 90-100% (Dróżdż et al. 1989 (Dróżdż et al. , 1994 (Dróżdż et al. , 2002 Demiaszkiewicz et al. 2012 ) Ostertagia kolchida Popova, 1937 90-100% (Dróżdż et al. 1989 (Dróżdż et al. , 1994 (Dróżdż et al. , 2002 Demiaszkiewicz et al. 2012 ) Ostertagia circumcincta (Stadelmann, 1894) Ostertagia trifurcata Ransom, 1907 Spiculopteragia boehmi Gebauer, 1932 90-100% (Dróżdż et al. 1989 (Dróżdż et al. , 1994 (Dróżdż et al. , 2002 Demiaszkiewicz et al. 2012 ) Spiculopteragia mathevossiani Ruchljadev, 1948 20-50% (Dróżdż et al. 1989 (Dróżdż et al. , 1994 (Dróżdż et al. , 2002 Demiaszkiewicz et al. 2012 ) Spiculopteragia asymmetrica (Ware, 1925) Trichostrongylus axei (Cobbold, 1879) 20-50% (Dróżdż et al. 1989 (Dróżdż et al. , 1994 (Dróżdż et al. , 2002 Demiaszkiewicz et al. 2012 35% (Dróżdż et al. 1989; ) Onchocerca lienalis (Stiles, 1892) 71% (Dróżdż et al. 1989; ) Setaria labiatopapillosa (Alessandrini, 1838) 25 to 71% (Dróżdż et al. 1989; ) Gongylonema pulchrum Molin, 1857 Thelazia gulosa (Railliet and Henry, 1910) 28% (Gagarin and Nazarova 1966; Dróżdż et al. 1989; ) Thelazia skrjabini Erschov, 1928 28% (Gagarin and Nazarova 1966; Dróżdż et al. 1989; ) Thelazia rhodesi (Desmarest, 1822) ** ) Aonchotheca bilobata (Bhalerao, 1933) 22-70% (Dróżdż et al. 1989; ) Trichuris ovis (Abildgaard, 1795) 43 to 100% (Gagarin and Nazarova 1966; Dróżdż et al. 1989 ) Demodex bisonianus Izdebska, 1996 Demodex bovis (Stiles, 1892) 50% Izdebska 2001b Izdebska , 2006 23.3%), followed by E. zuernii (4.2%), the other species occur rarely, their prevalence does not exceed 2.1% (Pyziel et al. 2011) . Moreover, apart Eimeria finding in bisons free-living in Białowieża Primeval Forest, E. bovis has also been noted in Bulgaria (Golemansky 2003) . Non-identified Eimeria was found in free-ranging bison living in the Vânâtori-Neamt Natural Park in Romania (Petrovici and Petrovici 2005) . Among some species of Babesia occurring in Europe, only Babesia divergens was recorded in European bison. The prevalence of infection was found in 33% of bison studied (Karbowiak et al. 2004) .
Trematodes
Trematodes are common parasites of domestic and wild mammals, as well as birds. However, only four species were found in B. bonasus. F. hepatica and D. dendriticum are known in European bison as the mainspring of these animals mortality at the turn of the nineteenth/twentieth century. At the beginning of the twentieth century, Wróblewski (1927) showed F. hepatica as one of the dominants parasites of bison. During the reintroduction of bison after the Second World War, the fluke was rarely recorded (Dróżdż 1961 (Dróżdż , 1967 . However, from the 1950s until the end of the twentieth century, their prevalence slowly increased to 44%-50% of bison (Dróżdż et al. 1989) and in the recent decade reached almost 100% . D. dendriticum was also recorded in the Białowieża Forest by Wróblewski (1927) ; however their prevalence was never so high, it was variable, from 16% to 41% of the hosts (Dróżdż et al. 1989; . F. hepatica, D. dendriticum and the next fluke -Paramphistomum cervi -were also detected in bisons living in Russian reserves (Gagarin and Nazarova 1966) . P. cervi is the parasite typical for cattle. The prevalence of infection in B. bonasus ranges from 23% to 25% (Dróżdż et al. 1989; Demiaszkiewicz 2005) . The last fluke, P. fasciolaemorpha is the parasite typical for elk (Alces alces) and common also in other cervidae. It was recorded for the first time in European bison in the years 1983-86, in about 6% of the animals investigated (Dróżdż et al. 1989) . Since then, the prevalence of infection has slowly increased, to 20%-27%; however, the intensity and pathogenicity remains relatively low .
Cestodes
Cestodes are common parasites of every vertebrate group, and also in its larval form in many invertebrates. Thus, they play an important role also as parasites of bison. There are four species of cestodes noted in B. bonasus, belonging to the Anoplocephalidae and Taenidae families (Demiaszkiewicz 2005) , represented by genera Moniezia and Taenia.
Moniezia tapeworms are common parasites of ruminants. The detailed studies showed the presence of two species in bison living free in the Białowieża Forest -M. expansa and M. benedeni. The first species is relatively rare and in some years absent. M. benedeni seems to be the proper parasite of this ruminant, apart from the Białowieża Forest, their presence is confirmed in other localities (Gagarin and Nazarova 1966) and also in zoological gardens (Jaros et al. 1966) . This cestoda was recorded in 41% of the animals studied, and more often among them in calves. Moreover, the non-identified tapeworm from this genus, but morphologically different, has been found in animals living in the Borecka Forest (northern Poland) (Dróżdż 1961; Demiaszkiewicz et al. 2008) . The definitive hosts of Taenia hydatigena species are Carnivores. The larval forms were detected in tissues of wild living bison; however, they are not found in enclosure animals (Dróżdż et al. 1989; Demiaszkiewicz 2005) .
Nematodes
Nematodes is the biggest and the best studied group of internal parasites of European bison. Presently (in 2013), there are 43 species of parasitic nematodes recorded from farmed and free-living bisons. These are the representatives of the orders Strongylida (genera Bunostomum, Chabertia, Oesophagostomum, Dictyocaulus, Nematodirella, Nematodirus, Cooperia, Haemonchus, Mazamastrongylus, Spiculopteragia, Ostertagia, Trichostrongylus, Ashworthius) Spirurida (genera Onchocerca, Setaria, Gongylonema, Thelasia) and Enoplida (genera Aonchoteca, Trichuris). Ancylostomatidae family contains two representatives. Bunostomum trigonocephalum is a typical parasite for elk (Alces alces), which however, are noted in bison in the Bialowieża Forest as recently as the 1950s, as well as in populations studied in Russia (Dróżdż 1961; Gagarin and Nazarova 1966) . B. phlebotomum is a parasite typical for cattle, in B. bonasus, it was recorded in semi-free populations in Russia (Gagarin and Nazarova 1966) . There are three representative species of the Chabertiidae family in B. bonasus, all typical cattle parasite . The most common is Oesophagostomum venulosum, parasitising almost 100% of the animals studied (Demiaszkiewicz et al. 2012) . The prevalence of infection with the other species is somewhere around 2%-5% of bisons (Dróżdż et al. 1989; . Chabertia ovina, with the exception of free-living population in the Białowieża Forest (Dróżdz et al. 1990 ) was noted in bison kept in zoological gardens and semi-free populations (Gagarin and Nazarova 1966; Jaros et al. 1966) . The Dictyocaulidae family, consisting of two representatives of Dictyocaulus genus -D. viviparus and D. filaria -are noted in B. bonasus. D. viviparus is more often recorded . This species was also found in free-ranging bison living in the Vânâtori-Neamt Natural Park in Romania and many reserves in Russia (Gagarin and Nazarova 1966; Petrovici and Petrovici 2005) . The previous records and occurrence of D. filaria currently require confirmation. The Molineidae family con-tains six species present in B. bonasus. Nematodirella alcidis, Nematodirus europaeus and N. roscidus are parasites typical for Cervidae, and in bison relatively rare; the prevalence of infection does not exceed 3% (Dróżdż et al. 1989) . N. helvetianus is typical for the cattle parasite (Dróżdż et al. 1989; . The high prevalence and intensity of infection (40% -60% of bisons investigated) were observed for N. roscidus. N. helvetianus was recorded in bison in Russia (Gagarin and Nazarova 1966) , N. filicollis and N. spathiger were noted once, in close animal husbandry in Sweden (Koffman 1942 ). The Trichostrongylidae is the very important family of nematodes parasite in B. bonasus; it includes 20 species recorded in this host. The most common species are Cooperia oncophora, Ostertagia leptospicularis, O. kolchida, O. ostertagii and Spiculopteragia boehmi, followed by C. punctata, S. mathevossiani, Trichostrongylus axei (Dróżdż et al. 1989 (Dróżdż et al. , 1994 (Dróżdż et al. , 2002 Demiaszkiewicz et al. 2012) . The majority of Trichostrongylidae are typical for Cervidae or are parasites found in many groups of ruminants. O. ostertagi and O. circumcincta were noted also in farm bison in Sweden (Koffman 1942) , and with C. oncophora, C. punctata, Haemonchus contortus in semi-free living in Russia (Gagarin and Nazarova 1966) , H. contortus and T. axei in Prague (Jaros et al. 1966) . H. contortus, O. circumcincta, T. vitrinus also in free-ranging bison living in the Vânâtori-Neamt Park in Romania (Petrovici and Petrovici 2005) . The remarkable species is Ashworthius sidemi. It was found for the first time in Poland in February 1997 in bisons from the Białowieża-Caucasus line living in the wild in the Bieszczady Mountains. Later it appeared in other bison populations (Demiaszkiewicz et al. 2009 ). The sources of the parasites were red deer, which brought the parasite from neighbouring Ukraine and Slovakia (Dróżdż et al. 1998 (Dróżdż et al. , 2002 .
From the Onchocercidae family, there are three species recorded in European bison. Onchocerca gutturosa is found in 35% of the animals studied, and O. lienalis and Setaria labiatopapillosa are recorded more often, the prevalence of infection reaches 71% of the bisons studied (Dróżdż et al. 1989; . Moreover, the prevalence of infections with S. labiatopapillosa slowly increased, from 25% (1983-86) to 71% of the animals studied (2006) (2007) (Dróżdż et al. 1989; . Gongylonematidae family is represented by one species recorded in B. bonasus -Gongylonema pulchrum. That parasite was found in wild-living bison in the Białowieża Forest (Wróblewski 1927) , later in semi-free bison in Khoperskii Zapovednik in Russia, and was not detected in enclosure animals (Gagarin and Nazarova 1966; . Similarly, from the Thaelaziidae family, only one genus was recorded for B. bonasus -Thelazia, with three species parasitising B. bonasus. T. gulosa and T. skrjabini were found in 28% of free-living animals in Polish and Belarus parts of the Białowieża Forest (Gagarin and Nazarova 1966; Dróżdż et al. 1989; . T. rhodesi is mentioned as a parasite of B. bonasus by Gagarin and Nazarova (1966) and Anderson (2000) ; however, their presence in animals living in the natural environment is not confirmed. Trichuridae family includes two species found in European bison. Aonchotheca bilobata originates from southeastern Asia, and were transferred to European bison probably in zoological gardens (Dróżdż et al. 1989; . Trichuris ovis is native species, recorded in 43% to 100% of free-living animals (Gagarin and Nazarova 1966; Dróżdż et al. 1989 .
Mites
The Acari subclass includes the number of very diverse arthropods, among them, many parasites of various mammal groups. In European bison, the infections were recorded within representatives of the families Demodecidae (genus Demodex), Psoroptidae (genera Chorioptes and Psoroptes) Sarcoptidae (genus Sarcoptes) and Ixodidae (genera Ixodes and Dermacentor). Demodex bovis is a typical parasite of cattle, therefore their occurrence in European bison is rare, and their findings are limited to Białowieża (Izdebska 2001b) . D. bisonianus is one of the specific parasites for B. bonasus, and most frequent and abundant Izdebska 2001b Izdebska , 2006 . The third species, Demodex sp., is different, but due to its low prevalence and a small number of individuals it is not identified by authors (Izdebska 2006) . Psoroptidae includes the cosmopolitan mite, which occurred on domestic ruminants, as well as wild mammals. Chorioptes bovis is one of the most frequent and abundant mites in European bison (Izdebska 2001 a,b) . Psoroptes equi is the parasite of the horse, but is found in free-ranging populations and those animals dwelling in the reserve. P. ovis is the parasite of sheep and goats, with worldwide spreading. It has been found only once, in the reserve bison in Białowieża (Kadulski et al.1996; Izdebska 2001a,b) Sarcoptidae is the family of mites adapted to living in the skin of mammals. Sarcoptes scabiei is a specific parasite of humans, however, it can be transmitted to many species of domestic animals and subsequently to wild hosts. This parasite was recorded only once in the reserve bison only and their occurrence in free-living animals is disputable (Izdebska 2001 a,b) . From the Ixodidae family, the presence of four tick species was noted. Ixodes ricinus is a common parasite of European bison kept in captive breeding reserves and often noted in the bison from free-ranging herds . Ixodes persulcatus and I. hexagonus were recorded only once, in the Białowieża Forest in specimens in a captive reserve Izdebska 2001b) . Infections with these two tick species are most likely incidental, because I. persulcatus is a very rare species in Poland, and I. hexagonus is the parasite typical in for hedgehog. Apart of the single report, their presence in the bison was not confirmed. The Dermacentor reticulatus tick is a common parasite of European bison (Izdebska 2001 b) , and in the big numbers overwinters on this host (Karbowiak et al. 2003) .
Insects
Insecta is the large class of invertebrates, including many parasitic species. In light of their number and diversity, the number of parasite species connected with Bison bonasus is surprisingly low. They belong to orders Mallophaga (genus Bisonicola), Anoplura (genus Haematopinus), and Diptera (genera Lipoptena, Melophagus).
From Mallophaga, one species is noted in European bison -Bisonicola sedecimdecembrii. It is the specific parasite of the genus Bison. Currently, it seems to be the common parasites of the European bisons population (Izdebska 2001 (Izdebska a,b, 2003 (Izdebska , 2011 .
The Anoplura order consists of the obligatory external blood-feeding parasites of mammals. In B. bonasus, one species is known -Haematopinus eurysternus. It was recorded in the European bison at the beginning of the twentieth century by Wróblewski (1927) , but at present it is not found.
Dipteran, coming from the family Hippoboscidae, is the obligate parasites of mammals and birds. In the European bison, there were two species found. Lipoptena cervi is the common parasite of Cervidae and wild boars, and other hosts attack incidentally. It was noted in B. bonasus in captive reserve in Niepołomice (Izdebska 2001b) , and a single specimen was also found on free-living animals in the Białowieża Forest . Melophagus ovinus is a specific sheep and goat parasite, and its occurrence in other hosts is coincidental. It was noted by Wróblewski (1927) , and it was currently found in the reserve bison only (Izdebska 2001 a,b) .
Conclusion
In total, the number of parasites recorded in European bison -88 species -is big in comparison to parasites noted in closely related American bison (Bison bison) (Tessaro 1989 ) and other ruminants cohabitating the same area -elk (Alces alces), fallow deer (Dama dama) and red deer (Cervus elaphus) (Dróżdż et al. 1997; Demiaszkiewicz 2005; Burlinski et al. 2011; Kowal et al. 2012) .
There are evident few number of monoxenous parasites specific for European bison. These are Trypanosoma wrublewskii, Bisonicola sedecimdecembrii and Demodex bisonianus. There are many parasites typical to cattle, and many new parasite species acquired from Cervidae. This fact can be connected with the dramatic history of the B. bonasus species, restituted from some specimens bred in captive farms. Other characteristic facts are the increased trend in biodiversity of parasites, as well as in prevalence and intensity of infections. The number of reports of significant foreign and indigenous pathogens in European bison illustrate the importance of controlling diseases and the safeguarding of the bison populations. Fatalities can be attributed to many parasitoses, especially caused by newly acquired parasites as Ashwortius sidemi and Neospora caninum (Dróżdż et al. 1998; Cabaj et al. 2008) .
